We have found that the ubiquitin-proteasome pathway exerts exquisite control of osteoblast differentiation and bone formation in vitro and in vivo in rodents. Structurally different inhibitors that bind to specific catalytic b subunits of the 20S proteasome stimulated bone formation in bone organ cultures in concentrations as low as 10 nM. When administered systemically to mice, the proteasome inhibitors epoxomicin and proteasome inhibitor-1 increased bone volume and bone formation rates over 70% after only 5 days of treatment. Since the ubiquitin-proteasome pathway has been shown to modulate expression of the Drosophila homologue of the bone morphogenetic protein-2 and -4 (BMP-2 and BMP-4) genes, we examined the effects of noggin, an endogenous inhibitor of BMP-2 and BMP-4 on bone formation stimulated by these compounds and found that it was abrogated. These compounds increased BMP-2 but not BMP-4 or BMP-6 mRNA expression in osteoblastic cells, suggesting that BMP-2 was responsible for the observed bone formation that was inhibited by noggin. We show proteasome inhibitors regulate BMP-2 gene expression at least in part through inhibiting the proteolytic processing of Gli3 protein. Our results suggest that the ubiquitin-proteasome machinery regulates osteoblast differentiation and bone formation and that inhibition of specific components of this system may be useful therapeutically in common diseases of bone loss.
Introduction
The mechanisms by which bone formation is regulated during physiological bone remodeling is the subject of intense investigation, since enhancement of bone formation is desirable for adequate treatment of all of the common diseases of bone loss. Bone formation is regulated by growth regulatory factors that are expressed by bone cells, incorporated into the bone matrix, and released in active form when bone resorbs (1) (2) (3) . As a consequence, osteoblast proliferation and differentiation are enhanced, and a mineralized bone matrix is formed. The precise molecular mechanisms by which bone formation is controlled or how the process can be manipulated therapeutically remain unclear, however. The ubiquitin-proteasomal pathway is recognized as the major intracellular mechanism for degradation of many short-lived proteins (4) (5) (6) . By this means, the proteasomal mechanism can regulate expression of important genes such as cell cycle regulators and transcription factors. Here, we show that the chymotryptic component of the proteasome is an important regulatory mediator of osteoblast differentiation and bone formation. Different inhibitors of the proteasome increase bone formation in vitro and in vivo, correlating closely with their effects to increase bone morphogenetic protein-2 (BMP-2) gene expression.
We have found that the ubiquitin-proteasome pathway exerts exquisite control of osteoblast differentiation and bone formation in vitro and in vivo in rodents. Structurally different inhibitors that bind to specific catalytic β subunits of the 20S proteasome stimulated bone formation in bone organ cultures in concentrations as low as 10 nM. When administered systemically to mice, the proteasome inhibitors epoxomicin and proteasome inhibitor-1 increased bone volume and bone formation rates over 70% after only 5 days of treatment. Since the ubiquitin-proteasome pathway has been shown to modulate expression of the Drosophila homologue of the bone morphogenetic protein-2 and -4 (BMP-2 and BMP-4) genes, we examined the effects of noggin, an endogenous inhibitor of BMP-2 and BMP-4 on bone formation stimulated by these compounds and found that it was abrogated. These compounds increased BMP-2 but not BMP-4 or BMP-6 mRNA expression in osteoblastic cells, suggesting that BMP-2 was responsible for the observed bone formation that was inhibited by noggin. We show proteasome inhibitors regulate BMP-2 gene expression at least in part through inhibiting the proteolytic processing of Gli3 protein. Our results suggest that the ubiquitin-proteasome machinery regulates osteoblast differentiation and bone formation and that inhibition of specific components of this system may be useful therapeutically in common diseases of bone loss.
3-methylbutane ethyl ester), PDTC (1-pyrrolidinecarbodithioic acid), PPM-18 (2-benzylamino-1,4-napthoquinone), and Bay 11-7082 were purchased from CalBiochem-Novabiochem (La Jolla, California, USA). Organ cultures of calvarial bones. The technique for studying organ cultures of neonatal murine calvarial bones has been described in detail previously (10, 11) . The bones were removed from the calvariae of 4-day-old ICR Swiss mice and then cultured in Biggers, Gwatkins, Judah media with Fitton-Jackson modification with 0.1% BSA for 72 hours, together with test compounds. Following these treatments, the calvariae were fixed for 24 hours in 10% phosphate-buffered formalin and then decalcified in 14% EDTA overnight. The calvariae were then embedded in paraffin, and 4-µm sections were cut and stained by hematoxylin and eosin.
MG262 (N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucyl boronic acid) ([E
The effects on bone formation were evaluated by histomorphometric assessment using a Nikon E400 microscope attached to an Optronics 3 chip CCD color video camera. Images of the sectioned calvariae were captured at ×20 objective magnification using a Pro-Series 128 Capture Kit frame-grabber board. Each captured image was then stored for future reference, and the area of new bone formation, expressed as new bone area (square millimeters × 10 -3 ), and the number of bone-lining cells, expressed as cells per 0.3 mm bone, were measured using an image-analysis software, Image-Pro Plus (Media Cybernetics, Silver Spring, Maryland, USA).
Local effects on bone formation. To perform these experiments, we injected compounds into the subcutaneous tissue over the calvariae of normal mice using a technique described previously (11, 12) . Five-week-old Swiss ICR white mice were injected three times a day for 5 days with vehicle alone, epoxomicin, or PS1 over the right side of the calvarium. Mice were euthanized on day 22, and calvariae were removed for histomorphometric analysis.
Systemic effects on bone formation. These experiments were performed using 5-week-old Swiss ICR white mice. The mice (n = 10) were treated with parathyroid hormone (PTH), epoxomicin, or PS1 for 5 days and sacrificed 16 days later. All animals were treated with tetracycline (15 mg/kg) 13 days before sacrifice and calcein green (20 mg/kg) 3 days before sacrifice to deposit double-fluorochrome labels on active boneforming surfaces. The tibiae were removed, freed from soft tissues, and fixed for 72 hours in 10% phosphatebuffered formalin. The left tibiae were decalcified in 14% EDTA, pH 7.2, for 3 weeks, embedded in paraffin, cut in cross-sections 4 µm thick, and stained by hematoxylin and eosin or by van Giesen stain. Images were captured and quantitated using a video camera mounted onto a Nikon E-400 microscope. Data were analyzed (bone volume measurements) using an image-analysis software, Image-Pro Plus (Media Cybernetics). The right tibia was fixed in 70% ethanol, embedded in plastic (methyl methacrylate), and sections (8 µm thick) were prepared for histomorphometric analysis. Dynamic measurements were obtained using a camera lucida attachment to trace various bone parameters into a digitalizing tablet. Data were processed using a bone histomorphometry system, Osteomeasure (Osteometrics Inc., Atlanta, Georgia, USA). Trabecular bone volume was assessed in decalcified sections and bone formation rates (BFRs) and mineral apposition rates (MARs) were measured in plastic-embedded sections. The area measured was 2.5 mm 2 , 0.5 mm below the growth plate to exclude the primary spongiosa. Bone volume was expressed as the percentage of bone volume in the area measured. MAR was the mean interlabel distance divided by the time interval (days) between the two fluorochromes administered. The surface referent/BFR was expressed as cubed micrometers per square micrometer per day.
Cell culture. MG63, 2T3 murine osteoblast precursor cells, Hu09 human osteoblastic cells, and fetal rat calvariae (FRC) primary osteoblasts were cultured with α-MEM. All the media were purchased from SigmaAldrich (St. Louis, Missouri, USA) and supplemented with 10% FCS. For Northern blot experiments, MG63 and FRC cells were plated in T-150 flasks at density of 2 × 10 6 cells per flask for RNA extraction. For the luciferase assay, 2T3 cells were plated in 24-well culture plates at a density of 2 × 10 4 cells/well. For the BMP-2 ELISA, Hu09 cells were plated in 96-well culture plates at the density of 10 4 cells/well.
Luciferase assay. The 2T3 cells were stably transfected with the murine BMP-2 promoter (-2712/+165) linked to firefly luciferase cDNA (13) . The cells were plated in 96-well culture plates and cultured for 24 hours. The cells were then treated with different proteasome inhibitors or other compounds for an additional 24 hours. The cell lysates were extracted, and luciferase activities were measured by a luciferase assay kit (Promega Corp., Madison, Wisconsin, USA) and normalized to protein contents.
Northern blot analysis. FRC cells were treated with different concentrations of PS1 for 6 hours, and total RNA was extracted from FRC cells using RNAzol B method (Tel-Test Inc., Friendswood, Texas, USA). To examine the effects of PS1 on mRNA expression in vivo, PS1 was also injected subcutaneously over the surface of calvariae of 1-month-old ICR Swiss mice, mice were sacrificed 24 hours later, and total RNA was extracted. Enrichment of polyadenylated RNA was obtained using oligo-dT cellulose columns (Stratagene, La Jolla, California, USA). Five micrograms of poly(A + ) RNA was denatured in 2.2 M formaldehyde and 50% formamide and run on a 1% agarose gel containing 2.2 M formaldehyde. The gels were transferred to a Nytran filter (Schleicher & Schuell Inc., Keene, New Hampshire, USA) by capillary blotting with 20× SSC (1× SSC = 150 mM NaCl, 15 mM Na citrate, pH 7.0). The RNA was then cross-linked to the filter by UV irradiation (Stratalink; Stratagene). Prehybridization was carried out at 56°C in 5× SSC containing 50% formamide and 150 µg/ml of denatured salmon sperm DNA. After 1-2 hours of prehybridization, the DNA probes were added to the hybridization solution at a concentration of 5 × 10 5 cpm/ml. Hybridization was carried out for 15 hours at 56°C. The filters were then washed twice with 2× SSC and 0.1% SDS, once with 0.5% SSC and 0.1% SDS, and once with 0.1× SSC and 0.1% SDS at 56°C for 15 minutes each. The filters were dried at room temperature, exposed at -70°C overnight, and then quantitated in counts per minute using an AMBIS Image Acquisition and Analysis System (AMBIS Inc., San Diego, California, USA).
BMP-2 ELISA. Hu09 cells were initially cultured with α-MEM supplemented with 10% FCS for 24 hours. The cells were then treated with different proteasome inhibitors for 24 hours. After this incubation, the conditioned media was transferred into microcentrifuge tubes and centrifuged at 21,000 g for 2-3 minutes to remove cellular debris. The concentration of BMP-2 in the supernatant was then determined using a Quantikine BMP-2 ELISA (R&D Systems Inc.). Recombinant human BMP-2 (hBMP-2; R&D Systems Inc.) was used as a standard.
Proteasome activity assay. This technique was used to assess the effects of inhibition of proteasome activity using a fluorogenic peptide chymotryptic substrate as described (14) . The 20S proteasomes from the methanoarchaeon Methanosarcina thermophila produced in Escherichia coli and the substrate Suc-Leu-LeuVal-Tyr-AMC were obtained from Calbiochem-Novabiochem Corp. Briefly, serial dilutions of the inhibitor to be tested were mixed with proteasome solution at a proteasome concentration of 0.01 mg/ml. After 30 minutes of incubation at 37°C, substrate solution at a final concentration of 25-30 µg/ml was added; the mixture was incubated at 37°C and then read at 15, 30, and 60 minutes in a Titertek Fluoroskan II (MTX Lab Systems Inc., Vienna, Virginia, USA). The percentage of diminution in fluorescence in the presence compared with the absence of inhibitor was determined for each and the EC 50 were calculated.
DNA constructs. Human full-length Gli3 (FL-Gli3) expression plasmid was kindly provided by Shunsuke Ishii (15) . The N-terminal fragment form of Gli3 (trGli3) cDNA encoding amino acid 1-748 was derived from the FL-Gli3 cDNA. The pact-Flag-Gli3 was digested with ClaI/XbaI and a polylinker containing the ClaI site, the GAAACCCCATAG sequence, and the XbaI site was then cloned into the ClaI/XbaI sites of the pact-Flag-Gli3 plasmid.
Murine β-TrCP cDNA was amplified by RT-PCR using template RNA extracted from 2T3 osteoblast precursor cells and then cloned into p3xFlag-CMV vector (Sigma-Aldrich). The nucleotide sequence was verified by sequencing the entire cDNA.
Luciferase assay. To define the response region in the BMP-2 promoter for proteasome inhibitors, a series of deletion constructs of the BMP-2 promoter were generated and cloned into a pGL3 vector. These constructs were transfected with β-galactosidase (β-gal) with or without trGli3 expression plasmid in C2C12 cells using Lipofectamine Plus reagents (Life Technologies Inc., Rockville, Maryland, USA). Twenty-four hours after transfection, cells were lysed with lysis buffer, and luciferase activities were measured using a luciferase assay kit (Promega Corp.). The luciferase activities were normalized by the β-gal activities. Sitespecific mutations were created in the intact promoter by using PCR-directed mutagenesis (Stratagene) on a construct -310/+165 BMP-2 promoter. The designed mutations were verified by sequencing.
Western blot analysis. The 293 and C3H10T1/2 cells were plated in six-well culture plates and cultured for 24 hours. Flag-Gli3 expression plasmid was transfected into these cells. Twenty-four hours after transfection, the cells were treated with 3-isobutyl-1-methylxanthine (IBMX; 200 µM) and different concentrations of proteasome inhibitors and then cultured for additional 24 hours. The cell lysates were then extracted, mixed with sample buffer, and run on SDS-PAGE gels (Mini-Protein II ready gels; Bio-Rad Laboratories Inc., Hercules, California, USA). The proteins were transblotted on a PVDF membrane (Bio-Rad Laboratories Inc.) in transblotting buffer (25 mM Tris, 192 mM glycine, and 20% [vol/vol] methanol, pH 8.3) at 4°C for 1 hour. The membrane was blocked with 5% milk in TBS-T (TBS plus 1% Tween 20) for 1 hour at room temperature and incubated with anti-Flag M2 mAb (2 µg/ml, 1:2,000 dilution) in 5% milk in TBS-T for 1 hour at room temperature. The incubation with HRP-conjugated anti-mouse IgG Ab (1:5,000; Amersham International, Amersham, United Kingdom) was performed at room temperature for 1 hour. The membrane was then washed six times with TBS-T buffer for 5 minutes. Immunostaining was detected using an enhanced chemiluminescence system (Amersham International).
Results

Proteasome inhibitors stimulate bone formation in bone organ cultures.
During an examination of the role of the transcription factor NF-κB in osteoblast differentiation, we assessed the effects of compounds that inhibit NF-κB stimulation of bone formation in cultures of neonatal murine calvarial bones. These experiments were performed as described previously (10) . We found that some but not all of these compounds caused an obvious increase in osteoblast numbers and in new bone area in calvarial bone organ cultures compared with calvarial bones incubated with control media (Figure 1 , a-e; Table 1 ). The only compounds that increased bone formation in vitro, however, were compounds that also inhibited proteasomal activity. We found that compounds that inhibit proteasomal activity, such as the natural products lactacystin, epoxomicin, and PS1, stimulated bone formation in vitro ( Figure 1 , a-e; Table 1 ). These compounds are different, since PS1 is a peptide aldehyde (Z-lle-Glu-(OTBu)-Ala-Leu-H), epoxomicin is an epoxyketone, and lactacystin is a natural product in which the active form is a β-lactone derivative. Epoxomicin reacts primarily with the chymotrypsin-like site, whereas the related and less-potent epoxyketone eponemycin reacts with the caspaselike and chymotrypsin-like sites at similar rates (16) . We found that eponemycin was ineffective in increasing bone formation at concentrations similar to those where epoxomicin caused marked effects ( Figure 1e ; Table  1 ). The effects of proteasome inhibitors on bone formation were dose dependent and occurred in response to concentrations of epoxomicin as low as 10 nM, which is a far more potent effect than that observed in response to any other small molecule in stimulating bone formation. The hydroxymethyl glutaryl-CoA reductase inhibitor, simvastatin, which also stimulates bone formation in this assay, is not effective in doses of less than 100 nM (Table 1) (11). We also examined a series of related compounds for their ability to increase bone formation using calvarial cultures. These included other proteasome inhibitors, such as YU101 (ac-hFLFL-epoxide) (9), MG262, MG132, MG115, which we found to be active. Inhibitors of nonproteasomal proteases, such as TLCK, TPCK, ALLM, EST, and other inhibitors of the ubiquitous transcription factor NF-κB, namely PDTC, PPM-18, and Bay 11-7082, had no effect. Proteasome inhibitors inhibit NF-κB because translocation of NF-κB to the nucleus is dependent on the degradation of I-κB, a process controlled by the proteasome (17) . The only compounds that stimulated bone formation were those compounds that also inhibited proteasome activity. 
Effects of proteasome inhibitors on bone formation in vivo.
We next administered PS1 subcutaneously and epoxomicin intraperitoneally to normal intact Swiss white mice for 5 days (Figure 1 , f-i). We used PTH as a control because, when used over longer periods, it has powerful anabolic effects on bone formation (18) . PTH did not have significant effects with only 5 days of daily subcutaneous administration, however (Figure 1g ). PS1 caused an increase in trabecular bone volume of 28% accompanied by a 71% increase in BFRs measured by dynamic parameters compared with vehicle-treated mice (Figure 1h ). This increase in BFR was present when the animals were sacrificed, which was over 2 weeks after the compound was last administered. This increased BFR shows the increase in trabecular bone volume was due to an absolute increase in the rate of bone formation rather than a secondary effect due to a decreased bone resorption. Although there was a minor decrease in osteoclast numbers, suggesting that bone resorption may also have been reduced slightly, there were no effects of these compounds on rates of bone resorption in organ cultures (data not shown), and the measured increases in rates of bone formation are so pronounced that the increases in bone volume cannot be ascribed to a simple reduction in bone turnover. Epoxomicin (Figure 1i ) caused similar responses to those of PS1, but at doses at least 20-fold less. Subsequent experiments where epoxomicin was injected into mice at doses between 0.1 and 0.004 mg/kg/day for 5 days show that it caused a significant dose-responsive increase in bone formation (Table 2 ). These increases in BFR and bone volume after only 5 days of treatment are of a degree comparable to those that require over 1 month of treatment with other anabolic agents such as the statins and PTH (11) .
Dose-response effects of PS1 (0.1-5 mg/kg/day, daily subcutaneous injection for 5 days) on bone formation were also examined in calvariae following local subcutaneous injection. PS1 stimulated new bone formation in a dose-dependent manner and did not cause toxic effects in this dose range (Figure 2 ; Table 3 ).
Relationship of the stimulation of bone formation to inhibition of proteasome activity. One of the authors (C.M. Crews) has optimized a series of peptide α′,β′-epoxyketones related to epoxomicin as molecular probes to inhibit the catalytic activities of the proteasome more selectively (9) . We also tested a number of these compounds for their capacity to stimulate bone formation in calvarial organ cultures (Figure 3 ). There was no effect of a peptide epoxyketone that preferentially inhibits the postacidic or caspaselike site on bone formation in vitro (data not shown), but in contrast the most potent and selective inhibitor of the chymotrypsin-like site, an amino-terminally acetylated epoxyketone peptide, Ac-hFLFL-epoxide (9), stimulated bone formation at concentrations of 10 nM ( Figure  3 ). We found there was a strong positive correlation (r = 0.94) between the capacity of each of these compounds to inhibit proteasomal activity and their boneforming activity (Figure 3) .
Proteasome inhibitors stimulate BMP-2 expression. Since the ubiquitin-proteasome pathway regulates the proteolytic processing of Cubitus interruptus (Ci) (19) , which regulates expression of decapentaplegic (dpp) gene (20, 21) , the Drosophila homologue of the BMP-2/BMP-4 genes, we speculated that these compounds may be increasing BMP-2 and -4 expression in osteoblasts. Accordingly, we tested the effects of proteasome inhibitors on BMP-2 and BMP-4 expression in osteoblasts and found that these inhibitors of the ubiquitin-proteasome pathway enhance BMP-2 expression using murine 2T3 osteoblasts and human Hu09 and MG-63 osteoblasts. Epoxomicin and PS1 both increased luciferase activity in 2T3 cells stably transfected with the murine BMP-2 promoter (-2712/+165) operatively linked to the firefly luciferase cDNA (Figure 4a ). They were considerably more potent as stimulators of BMP-2 promoter activity than the statins, which have been shown recently to stimulate BMP-2 expression and enhance bone formation in vitro and in vivo (Table 1 ) (11).
To determine the specificity of proteasome inhibitors on BMP-2 expression, we also examined the effects of the proteasome inhibitors PS1 and epoxomicin on mRNA expression of BMP-2, BMP-4, BMP-6, and the BMP antagonists noggin, gremlin, and chordin in primary FRC osteoblasts in vitro and in calvarial bone tissues in vivo. We found that PS1 increased BMP-2 mRNA expression, but had no significant effects on mRNA expression of BMP-4 and BMP-6 (Figure 4b ). The expression of chordin and gremlin in the cells was so low that it was barely detectable, and whereas noggin mRNA expression was detectable, no significant changes were seen following addition of epoxomicin or PS1 (data not shown). PS1 and epoxomicin also increased BMP-2 mRNA expression in cultured human MG-63 osteoblastic cells but had no effect on BMP-4 or BMP-6 mRNA expression (data not shown).
We next tested a number of proteasome inhibitors for their ability to increase accumulation of BMP-2 protein in conditioned media from human Hu09 osteoblastic cells (Table 4) . Increased expression of BMP-2 protein correlated positively (r = 0.95) with their ability to inhibit proteasome activity (Figure 4c ). We also found there was a strong positive correlation (r = 0.98) between the ability of each of these compounds to stimulate bone formation and to stimulate the expression of BMP-2 protein (Figure 4d ). These results are consistent with the notion that the catalytic activity of the proteasome is important in the regulation of BMP-2 transcription and protein expression, as well as subsequent bone formation.
Noggin inhibits bone formation induced by proteasome inhibitors. Our data suggest that proteasome inhibitors stimulate bone formation by enhancing BMP-2 expression in osteoblasts. It is also possible, however, that other mechanisms could be involved in their effects to stimulate bone formation. To determine the importance of the BMP pathway in the effects of proteasome inhibitors on bone formation, we treated bone organ cultures with the proteasome inhibitors epoxomicin (20 nM) and with murine noggin (noggin/Fc chimera; 2 µg/ml), the naturally occurring high-affinity binding protein for BMP-2, BMP-4, and BMP-7 (22, 23) ( Figure  5 ). We found that noggin completely inhibited the bone-stimulating effects of the proteasome inhibitors epoxomicin ( Figure 5, c and d ) and PS1 (data not shown), as well as BMP-2 ( Figure 5 , e and f), in calvarial organ cultures, but had no effect on bone formation stimulated by acidic FGF ( Figure 5, g and h) .
Noggin also inhibits BMP-4 and BMP-6 in addition to BMP-2 (22, 23). As described above (Figure 3b ), we found no increase in BMP-4 or BMP-6 mRNA expression after addition of the proteasome inhibitor PS1. This suggests that BMP-2 rather than BMP-4 or BMP-6 was responsible for the bone-forming effects of the compounds seen in organ culture that was inhibited by noggin.
Proteasome inhibitors inhibit the proteolytic processing of Gli3 protein.
Ci is proteolytically processed to a N-terminal fragment form, and this regulates the dpp gene in Drosophila, acting as a transcriptional repressor for this gene (20, 21) . The mammalian homologues of Ci are Gli1, Gli2, and Gli3. In a manner similar to Ci, Gli3 is processed to trGli3 (15) These reports indicate the proteolytic processing of Gli3 protein is regulated by a cAMP-dependent PKA pathway, and an inhibitor of Data are expressed as means ± SEM. A P < 0.001 verses vehicle alone.
Figure 3
Proteasome inhibition correlates with bone formation. The stimulation of bone formation activity of these different proteasome inhibitors in calvarial bone organ cultures correlates strongly with the ability of these compounds to inhibit the activity of the proteasome. ED 50 is the effective dose required to either inhibit 50% of the proteasomal activity or stimulate 50% of the bone formation activity. (20 nM) and noggin (2 µg/ml), (e) rhBMP-2 (100 ng/ml), (f) rhBMP-2 (100 ng/ml) and noggin (2 µg/ml), (g) aFGF (50 ng/ml), (h) aFGF (50 ng/ml) and noggin (2 µg/ml).
C3H10T1/2 cells. We found that transfection of FL-Gli3 increased BMP-2 promoter activity (Figure 7a ), while transfection of trGli3 markedly inhibited BMP-2 promoter activity in a dose-dependent manner up to 70-80% (Figure 7b ). These results demonstrate trGli3 is a potent repressor of BMP-2 gene transcription. Truncated Gli3 regulates BMP-2 gene transcription through specific response elements. To define the response region for trGli3 in the BMP-2 promoter, a series of deletion constructs of the BMP-2 promoter (Figure 7c ) were cotransfected with a trGli3 expression plasmid. Expression of trGli3 significantly inhibited promoter activity of the BMP-2 deletion constructs, -2712/+165, -1803/+165, -838/+165, and -310/+165, but not the construct -150/+165 (Figure 7d ), suggesting the response region for trGli3 is located at -310/-150 region of the BMP-2 promoter. By sequence analysis, three putative Gli-binding sites were identified in this region (Figure 7c) . Mutations of each of these three response elements significantly reduced the activity of trGli3 on the BMP-2 promoter (-310/+165) (Figure 7e) , suggesting all these responsive elements are required for mediating the repressive activity of trGli3 on BMP-2 gene transcription. These results indicate that trGli3 regulates BMP-2 promoter activity through interactions with specific responsive elements in BMP-2 promoter.
Stimulation of BMP-2 gene transcription and bone formation by proteasome inhibitors are Gli3 dependent.
To determine if inhibition of the proteolytic processing of Gli3 is required for proteasome inhibitors to stimulate BMP-2 gene transcription, we transfected the trGli3 expression plasmid with the BMP-2 promoter (-2712/+165-Luc) into C2C12 and 2T3 cells in the presence or absence of different concentrations of the proteasome inhibitors PS1 and epoxomicin. We found that overexpression of trGli3 reduced basal levels of the BMP-2 promoter activity and completely blocked PS1-and epoxomicin-induced BMP-2 gene transcription in C2C212 (Figure 8, a and b) and 2T3 ( Figure 8, c and d) cells. These results suggest proteasome inhibitors stimulate BMP-2 gene transcription in a Gli3-dependent manner.
Since Gli3 has been shown to play an important role in bone formation (24), we further determined the effect of the trGli3 on bone formation in calvarial organ culture. The expression plasmid of the trGli3 was transfected into calvarial tissues, and expression of trGli3 significantly inhibited epoxomicin-induced new bone formation in calvariae (Figure 9a ). In contrast, expression of trGli3 had no significant effects on insulin-induced bone formation in this same assay (Figure 9b ). The new bone formation was quantitated by histomorphometry and presented in Figure 9c . Alkaline phosphatase (ALP) activities in media were also measured. Epoxomicin and insulin significantly increased ALP activity. Expression of the trGli3 blocked epoxomicin but not insulin-induced ALP activity (Figure 9d) . These results suggest that proteasome inhibitor-induced new bone formation in organ culture is also Gli3 dependent.
Discussion
Here we show that inhibition of the ubiquitin-proteasome pathway by proteasome inhibitors promotes BMP-2 expression and osteoblast differentiation in vitro and bone formation in vitro and in vivo. The mechanism by which proteasome inhibitors regulate
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The BMP-2 gene expression is, at least in part, through inhibiting the proteolytic processing of Gli3 protein.
The effects of proteasome inhibitors are dramatic and occur in vitro at doses in the low nanomolar range. We propose that increased expression of BMP-2, which then acts on osteoblasts in an autocrine manner, is responsible, at least in part, for the effects of these compounds on bone formation. Bone formation is a complex multistep process, which in the adult mammal usually occurs at sites of prior bone resorption. The process is prolonged and comprises a number of distinct phases, including chemotaxis of osteoblast precursors to sites of resorption defects, proliferation of osteoblast precursors, osteoblast differentiation, and ultimately mineralization of the extracellular matrix secreted by osteoblasts. The regulatory factors, which control the process, are generated locally and include the bone growth factors that are incorporated into the bone matrix (1) and released in active form when bone is resorbed (3) . Prominent among these are the BMPs, which play a different role from the other bone-growth regulatory factors, since they act predominantly on osteoblasts in an autocrine manner to promote further differentiation (25) .
Our observations suggest that proteasome inhibitors enhance bone formation in vivo by stimulation of BMP-2 expression in osteoblasts. The proteasome inhibitors specifically enhanced BMP-2 promoter activity and expression of BMP-2 mRNA. Proteasome inhibitors had no effect on the expression of BMP-4 and BMP-6 mRNA. The experiments with the noggin Fc molecule show that extracellular BMPs are responsible for the biological effects of proteasome inhibitors, since noggin is a BMP antagonist with high affinities to BMP-2, BMP-4, and BMP-7 ligands (22, 23) . The results are consistent with the concept that BMP-2 expressed and released by osteoblasts exposed to inhibitors of the chymotrypsin-like activity of the proteasome acts in an autocrine manner on osteoblasts to further promote osteoblast differentiation.
There is a precedent for small-molecular-weight compounds enhancing BMP-2 transcription in osteoblasts and bone formation in vivo. Our previous experiments have shown that statins, which lower serum cholesterol and prevent heart attacks, increase specifically BMP-2 promoter activity and bone formation both in vitro and in vivo (11) . Statins have been implicated previously as proteasome inhibitors (26), but we could not see effects of the statins on proteasomes isolated from mammalian osteoblasts at concentrations that stimulate bone formation (data not shown). Our current data suggest that statins increase BMP-2 promoter activity by their effects on small GTP-containing proteins, which in turn affect eNOS expression and ultimately BMP-2 promoter activity (27) .
Our studies shed light on the mechanisms by which the proteasome inhibitors stimulate BMP-2 gene expression and bone formation. One possibility is suggested by the regulation of the dpp gene, the fruit fly counterpart of the BMP-2 and -4 genes.
In Drosophila, the dpp gene is regulated by the transcription factor Ci, the processing of which is proteasome dependent (19, (28) (29) (30) . In mammalian cells, though Gli3, the homologue of Ci, is also degraded in a proteasome-dependent manner, the effect of Gli3 on BMP-2 (the mammalian homologue of dpp) gene transcription has not been reported. We have found that the proteolytically processed N-terminal fragment form of Gli3 (trGli3) is a potent repressor for BMP-2 gene transcription. By analyzing a series of deletion constructs of the BMP-2 promoter and mutating the putative Gli-binding sites, we identified the responsive elements for trGli3 in the BMP-2 promoter. Overexpression of trGli3 in osteoblast precursor cells completely abolished the effects of proteasome inhibitors on BMP-2 gene transcription, and transfection of trGli3 expression plasmid into calvarial tissues inhibited bone formation induced by proteasome inhibitors.
Proteasome inhibitors inhibit the proteolytic processing of Gli3 protein and prevent the production of the truncated form of Gli3. This prevents the suppression of BMP-2 gene transcription. Thus, the stimulatory activities of proteasome inhibitors on BMP-2 gene transcription may work, at least in part, by inhibiting the conversion of Gli3 precursor protein into trGli3, which represses BMP-2 gene transcription through binding to the specific responsive elements in BMP-2 promoter.
Inhibitors of the proteasome have been used recently to probe the role of intracellular proteolytic degradation in specific cellular processes and more recently as potential therapies in certain cancers (4) . Recent reports show that one such agent, PS-341, reduced tumor growth in murine tumor models (31) . The beneficial effect of proteasome inhibitors in cancer may be due to their inhibitory effects on mitotic cyclins that regulate cell division or by promotion of apoptosis through increased translocation of NF-κB to the nucleus, which is dependent on the degradation of I-κB, a process controlled by the proteasome. Since PS-341 is not commercially available, the relative potencies of PS-341 in cancer cells and proteasome inhibitors used in the present studies in bone cells cannot be compared. Proteasome inhibitors PS1 (0.01-10 µM), MG-132 (1 and 10 µM), and lactacystin (10 µM), however, have been shown to induce apoptosis in rat pituitary MMQ tumor cells. In rat pituitary GH3 tumor cells, PS1 (1 and 10 µM), MG-132 (1 and 10 µM), and lactacystin (10 µM) also induced cell apoptosis (32) . These concentrations of proteasome inhibitors are much greater compared with those used in our studies to stimulate bone formation. Further evaluation of proteasome inhibitors in vivo has shown that doses of PS1 as high as 50 mg/kg body weight given over a 5-day period do not have any detrimental effects in mice.
In other studies to assess the potential toxicity of these compounds in vivo, and PS1 and epoxomicin in vivo, 20 and 50 mg/kg/day of PS1 and 1 and 5 mg/kg/day of epoxomicin were injected subcutaneously in mice daily for 5 days. Heart, liver, lungs, kidney, and skin from the injection site showed that no abnormalities were observed by morphologic examination, either macroscopically or microscopically, and there was no morbidity or mortality. There were no effects on serum creatinine or other electrolytes or on peripheral blood counts. These results indicate that PS1 and epoxomicin are not toxic in vivo at the daily doses of 50 and 5 mg/kg/day for 5 days, respectively. This does not imply, however, that these compounds are necessarily potentially desirable therapies for chronic diseases such as osteoporosis. They do, however, indicate that they are useful research tools for pointing important molecular mechanisms that regulate osteoblast differentiation.
The proteasome is a 700-kDa, cylinder-shaped, multicatalytic protease complex composed of 28 subunits organized into four rings. In yeast and other eukaryotes, seven different β subunits make up the inner rings. In addition to the ubiquitously expressed β subunits, higher vertebrates also possess three IFN-γ-inducible β subunits (LMP7, LMP2, and MECL1), which replace their normal counterparts, X, Y, and Z, respectively, thus altering the catalytic activities of the proteasome (33) . Proteasome inhibitors are of multiple classes and chemical structures. For example, the peptide aldehydes are substrate analogues and transition state inhibitors, whereas lactacystin is a natural product of actinomycetes that covalently modifies the active site threonine of the β subunit (34) . The Streptomyces product epoxomicin and related analogues are selective inhibitors primarily of the chymotrypsin-like activity of the proteasome. Although most of these compounds such as the peptide aldehydes and lactacystin inhibit not only proteasome activity but also other nonproteasomal proteases, the streptomycetes-derived epoxyketone natural product epoxomicin and related analogues are irreversible inhibitors of specific proteasomal catalytic β subunits with relative selectivity (16, 35, 36) . Our data suggest that compounds that inhibit the LMP7/X β catalytic subunits of the osteoblast proteasome markedly enhance osteoblast differentiation and implicate these particular subunits as being important in the regulation of bone formation. If proteasome inhibitors were to become useful agents for the treatment of osteoporosis and related diseases, it would require their specificity for bone along with evidence of nontoxicity in other tissues. As noted above, potent proteasome inhibitors are now being used in patients with cancer in clinical trials, and they have shown relatively modest toxicity (31).
Patients with osteoporosis have severe bone loss associated with microarchitectural disturbance of trabecular bone and a tendency to fracture bones following trivial injury. Patients with advanced disease have lost more than 50% of bone mass at critical sites, such as the hip and vertebral spine. The most compelling therapeutic need in the osteoporosis field is an anabolic agent that will enhance new bone formation and restore bone that has been previously lost. Our data show that agents that target the ubiquitin-proteasome pathway may enhance bone formation by their effects to stimulate BMP-2 production. Since there are many potential sites of regulation in this pathway, these results suggest many potential molecular targets for future drug discovery for agents that enhance the formation of bone.
